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Abst rac t , .

‘1’lIc isotopic. com])ositio])  of stratospl]cric  water vapor is used as a tracer for the

co]]vcctivc  history of air injcctcd into  the stralmsphcre.  St,ratosp]]cric  profiles of 111 )0,

1 120, C1131), and C114 from the A’J’h40S  i]]strulnc]lt,  obtained over four ]nissions  from

1985-1994, arc used to clctcrmine the initial clc(ltcrit]]l]-to-l]  y(ll’ogc]]  ratio of water vapor

entering t]] c stratosphere. We find tl]at tl)c  i]litial  fil) of stratospheric water is -680 +

80 (6870 loss of clcutcrium),  consist,c]]t  with cxtrapolatio])s  from previous mcasurcmcmts

at IIigl]cr altitudes. ‘J’]lis  value  is consistent over  latitude and ti]nc; wc see ]]0 cvidc]lcc

for latitudina~ly  -  or scasollally-vary  i]lg Lra]ls]jort  ]ncchanis]]]s.  Si]nu]a,tio)ls  Wii,]l a

lnulti-pllasc  isotopic cloud model SI]OW that stratospheric water is less dcp]ctcd  than

would h expected for simple ascent ill tllc  u])])cr tropospllcrco ‘J’hc observed isotopic

c.o]]]positio])  of stratospheric water can bc reproduced o]lly t]]roug}i  ]]o]~-cc]~]ilil>ril]]ll

])roccsses  sucl) as cva])oration  of loftecl  cloud ice or condensation i]] highly su])crsaturatcd

co]lditions.  As both these procmscs  call occur o]lly i]] cases c)f cxtrcmc]y high  updra f t

vclocjtics,  wc co]lcludc  that tl]c  majority of tropos])hcrc-  stratosp]]crc  cxcha]]gc  must bc

assocjatcd  with rapid co]lvcction  to at least ul)pcr trol)osp]lcric  levels,



Introduction

‘1’hc cxlmmc dryness of tllc stratosplIcrc  is gcl]crally  assulncd  to bc Lhc result of

Cmldcllsatioll  at the coldest tcmpcraturcs  that air parcels cxl)cricncw  duri]lg  tllcir  ascent

i~lto  t,lm stratosphere. ‘1’hc tclnpcraturcs  thus  infmred IIavc IJistorically  bcc]l used  a s

cvidcmcc  of the mechanism by which trollosllllcIc--  stratc]s]~llc1c  tral]sport  occurs. l~mum

[1949] fimt  proposed that air moves i*,to the stratosphere by large-scale ascent i,, the

trol)ics, where the tropopausc  is hig+cst and coldcs~. hlorc  accurate mcasurclnc]lts  of

t r o p i c a l  tropopausc  lmnpcraturcs  s;nc.c illlat  til nc IIavc lccl to Lhc ulldcrstallding  tha t

trol>os}~llc:rc-st]  atos~~llcrc transport cannot lx as widcsprcacl  and colitinuous  as IIrcwcr’s

prq)osal  imp]iccl.  As the mean tropical  trcq~opiiusc is too warm to frcczc-dry  air to t}lc

observed stratc)sphcrjc  mixing ratios , injection of a;r into  the stratosphere lnust  bc ]norc

cpisodjc  or more  localized [Reid  /3 Gage 1981]; Ncudl  (3’ Gozdd-Si.cuIari 1981].

‘J’IIc temporal and spatial scales of trol)osl~l~crc-stratos~  ~llclc tra~lsport arc l]ot

WCI1- constrai  ncd, however. ‘J’rallsport  has lw.c]l p roposed  to occur  bj7 asccni ovm  the

coumc  of a scaso]l over the R 107 kln2 region of tllc tropics wllcrc  tllc tropopmsc  is

coldest [Ncwcil  & Gozdd-Stewart ] 981; llolion  1995].  Alimrl)aiivcly,  transport ~nay occur

in nulncrous  isolated collvcctivc  cwcnts during  which  the local Lcmpcra.turc  structure is

t,clnporarily  perturbed, with scales of several to 103 km2 and  days to hours,  [I)anidscn

1982, 1 993; l)oiicr & lloli.07t  1 994]. observations of stratospheric. water vapor colltcllt

IIavc not provided a means of cl;sti~lgu;shillg  bctwccn tl)c  possil~]c  scales and speeds of

transport.

Wllilc all proposed mechanisms for tlol)t)s~)l]clc-stratosl~l]cre  transport arc

constrained tc> produce the observed stratospllcrlc  dryness, tl]cy  may invo]vc  diflcrent

mcm)s  by which air is dehydrated. l]) all ]llodcls  requiring transport by gradual

asccllt, dehydra t ion  occurs by simple coldtrapping  at the tropopausc.  hflodcls of

tralls~m-t  by localized convective events ]nay  involve mom colnplica,tcd  dehydration

lncchaliislnso  Convcctivc  cumulus towers wllicll pc]lctratc  the tmpopausc  ancl deposit
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air in the stratosphere above it can carry with them enormous qual]tlities  of water as

ice: near-tropopausc icc to vapor ratios can cxcccd  100 [KnoZlcnberg et al. 1993, 1 982]

‘J’IIc final water vapor  mixing ratio  produced IIlay thcI) bc the result of a combination

of cm dcl ) sat ion and evaporation. 1 )ctmmillatiol]  of not only the final water content of’

st,ratosphcric  air, but

discrilnillatc  bctwccn

now air is cxchangcd

W C propose that

of the process by which that co~ltcnt  is rcacl]ccl,  cal] tl)us  serve to

these theories, and can provide insiglli  into the larger question of

bctwccn tropospbcrc  and stratosphere.

the isotopic colnpositioll  of stratosphmic  water vapor  is a useful

tracer for this purpose. IIccausc  water isotopic, composition is altcrccl  by all phase

cllangcs,  straiosphcric  walfx carries  with it all isotopic ~cco~d  of t}l~ colldcl~satio~l

and evaporation cxpcricnccd  by each air parcc] that crosses ihc tropopausc.  When

several phases of water arc present in tt]clll)(J(lyllall~ic  equilibrium, tllc hmvicr  isotopes

will partition preferentially into liquid or solid water, lcavilqg the vapor dcplctecl  in

dcutcrium  (and heavy oxygen) aud the conclcnsatc  cnlrichcd. ‘J’hc clcgrcc of prcfemncc  is

tcnncd  the fractionation factor, dcfillcd  as

(1)/11  )I,a,,or

a ‘“ (fii~~)co,,clc,,satc”

(r]’his  paper discusses only fractionation of 111)160 vs. 1 12 ‘(;O, and a is used to indicdc

IJC fractionation factor for tllcsc spccics  only. ) I{’or dcutcratcd  water, o is a strong

function of tcmpcraturc,  rauging  from 1 .0S at rooln  tcmpcraturc,  an 870 enrichment

of liquid relative to vapor, to over 1.4 for icc condcllsatioll  at the % 190 K t]opical

tropopausc  [Majouhc  1971; Mdivat  0 Nicf 1967]. As watm condcnscs  and is removed

froln  an air parcc],  the residual vapor  is l)rogrcssivcl  y liglltcllcd  as dcuicratcd  water is

prcfcmltiall  y removed. ‘J’l)c stratosphere, wit]] a water vapor col]cc]]tration four orders

of lnagnitudc  lCSS than that at sca surface, S1)OUIC1  bc higll]y  dcplctcd  in dcutcrium.

1 lowcvcr, the exact degree of depletion, allcl  tllc  variatiolls  i]] that  depletion, s}lould  k

a functiol]  of the particular process by whic]l stratosl)l]cric  air has bcc]l dcllydratcd.
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ATMOS observations of the isotopic composition of entering

stratospheric water

observations of stratospheric dcutcratcd  walm by tl]c  Atlnosp}~eric  ‘J’race h!lolccu]ar

Spectroscopy (A’J’MOS) l“rJ’llt  instmncmt  OVCY tllc last dccadc provide the first large

datalmsc  o f  i so top ic  colnpositiol]s  that call 1.w apl)licd  to tl]c  problcm  of tropospllcrc-

stratosl)l]crc  cxchangc. ‘J1hcrc  IIavc ljccI] fcw IJrcvious  rcl)ortcd  lncasurcmcnts  of 111)0

and 1120  ill Lllc lowest stratosphere, wllcrc  accuraic spectroscopic ]ncasumncllt  of both

spccics  is clifficu]t, and nol]c in tl]c  tropics, tl)c  IIrcsu]ncd  source region for stratospheric

air and water. Water vapor in the mid-la  iitudcs stratospllcrc  has been observed to be

stro]~gl  y dcl)lctcd of dcutcrium, but wit]] clcutcriuln  contm]t  incrcasillg  with a l t i t u d e

fro])] a 61)WaL~, cjf approximatc]y  -600 at 20 kill to -350-450 at 35 kin.  [Rinsland  ci al.

1991, 1984; ])inclli  cl al. 1991; Carli and l)atlc J 988; l’ollock CL al. 1980]. (Isotopic.

composition is givcll in & notation , WI}CXC i] ),,ate~ is IJlc fract ional  diflcrcncc, ill pcr

lni],  of tllc 1)/11 ratio of Lllc mcasurccl  water froln  that  of standard mean ocean water

(SMOW), at  1 .5576x 10-4 [Ilagcman ci al. 1970].)  ‘J’liis  illcrcasc IIas bee]) presulncd  to

lJC tllc rcsu]t  of ~nctllallc  oxidation. l~ccausc  stratos})llcric  lnctllallc  is far ICSS clcp]ctcd  of

dcutcriuln  than is entering stratospheric water, iis oxidation producns  relatively IIcavy

water wl]ich cmrichcs stratospheric 61) Wtate1 [lll}tall  1973; lrion  ci al, this issue;  Rinsland

Cl al. 1991].

‘J’l)c A’J’MOS illstrumcllt  is particularly suittx]  for tl)c  study  of stratospheric water

i s o t o p i c  colnposition  bccausc it proviclcs  IIcar-sill-lllltallcolls  lncasurclncl)ts  of all t}lc

lnajor  stratosphmic  hydrogen- ancl (lc~ltcrillll~-l>c:alil]g  spccics,  C114, C1131 ), 1120, and

111 )0, allowing the estimation al~d subtractio]l  of this l]lc:t}lallc-({c~rivc(l  111 )0 al~d

1120. IIccausc there arc no otlJcr  proccsscs  wllicll can  significantly aflcct the isotopic

composit ion of  water  once  it machcs tllc gcl Icrally  Illl(lclsatllratt:(l  stratospllcm,  this

provides an cffcctivc  determination of the orig;il)al  isotopic compositio]l  of water vapor
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as it cntms the stratosphmc. Rvcnl higll-altitude and -Iatitudc  data call tl)us  provide

isoto~)ic  il]formatioll  about near-tropopausc proccsscs.

‘1’llis  analysis  uscs data froln  all four A’i’h40S lnissions  from 1985-  1994, a total

of 71 occultations in whicl] 11110, 1120, and (;114  were rctricvccl  (filters 2, and 9), al]d

68 in which Cllsl) was rctricvcd (filter 3). Occultations ill tl]c  })olar  vortices, wlIcrc

dcllydratiol]  on polar  stratospheric clouds l)roduc.cs additional isotopic cflccts, IIavc

bee]] cxcludcd.  l,atitudina]  covcragc  is IIcar-global  (24Y0 tropical, 18C% ln id - l a t i t udes ,

58% IIigll  l a t i tudes ) ,  allowil]g  cxamillation  of l)otclltial  challgcs  ill 61) duc to diflcrillg

injection mechanisms in difrcrcnt locations. ‘J’llc  A’J’hfl OS il~strunlcllt,  covcragc, allcl

data rcduc~ioll  proccdurc  arc dcscribcd  in detail clscwl]crc  [1’’armm 1987; Gunson et al.

this issue; ]rion ci. al, this issue].

Mcthallc-derived contributions of 111)0 and 11 20 at cacll data point arc estimated

by usil)g  tllc relationships bctwccll dcutcratcd  and ul]dcutcratcd  methane a~ld water ill

tllc lower stratosphere established by lrion cl. al. and A MMs rl al. [this  issue]. Each lost

lnolccu]c  of methane is assumed to produce two water Inolcculcs,  ant] cacl lost ]nolcculc

of (;ll~l) Onc of 111)0:

[Ill)o]r,m-rccted = [111)0] 0 - ([ CIIJ)]O -- [CIIJ)]T)

[1120] ~,co,r,c,e~  = [1120]T  - 2 ([ C114]0  -- [C114]T)

(Sil]cc  tl]c  concentrations of the dcutcratcd  spccics  arc four orclcrs of lnagllituclc

ICSS  than tllc unclcutcratcd  OI)CS, tllc contribution to, for example, 11 20 by oxidatio~l  of

Cllal) is negligible). IIlitial  col]cclltratiolls  of CI14 and ClIs]) arc ta.kcn as 1.7x10- 6 and

1,Oxl 0-9,  rcsJ}cctivcly,  from WA!fO [1 994] and tllc fitted 111[C1131)]/111  [C114]  rclatio]]ship

of lrion cl al. [this issue] clcrivccl froln  tllc filter 3 data. CI131) conccl]tratiolls  arc

illfcrrcd fro]n  observed (2114 in filters 2 and 9 using this rclationsl]ip.  No assulnptions

arc Inaclc as to tl]c  initial concentration of water entering the stratosphere.

Figure 1 a S1]OWS  mcasurclncnts  of tllc (ul]corrcctcd)  isoiopic  conlpositioll  of

stra,tosphcric  water from all four A’J’M OS missions. ‘]’hc previously observed increase in
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dcutcriuln  coI)tcnt  with altitude is cviclcnt.  l“igurc  I b snows the same data, corrected

for tllc mclhanc contribution. ‘1’here is no trc])d  in colnposition  with altitude, indicating

that tllc lncthane  contr ibut ion has been cffcctivcly  removed.  ‘J’hc mm]) isotopic

composition of stratospheric water is higll]y  dcplctcd , witl( a 61) of -680 3. 80 pm mill

(weighted mean of all cxtravortcx  obscrvatio]ls  froln  18-32 kin; error rcprcsc]]ts  10 of

tllc distribution + systematic error.) ‘J’llat  is, tllc IIlcall  water c]llmring tl)c  stratospllcrc

IIas lost 68% of its clcutcrium.  ‘J’here is no significant variation ill 611W,a~c] with mission ,

filfm, or latitude.

Implications of mean 6DW.tC,

‘1’0 cxp]orc  the implications of tile stratospheric water isotopic signature, wc

have dcvclopcd  a mu]ti-phase CIOUCI model that  computes isotopic trajcc.tories during

tllc ascent of air to tl)c  tropopausc. ‘J’hc ]nodc]  represents the ollc-clilllcllsioll  al,

}~sc~]cloadial]atic  liftil]g  of air parcels,  with tl]c  col]ccntrations  and isotopic. coln~)ositions

of vapor, liquid, and icc trackccl  tllrougllout. Air parcels arc stcppccl  upward until tl]c

water vapor mixing ratio  equals the Arl’h!l  OS-obscm’cd  avmagc 10WCH stratospheric value

of 3.8 ppm [A blms ct al., this issue]. (r] ’he lnodc]  rcsulis  arc robust with respect to this

value; possib]c  seasonal variations ill water vapor of + 20% would produce only minor

isotopic variatiolls)o  isotopic cflccts  include fractiollatiol]  during initial evaporation of

seawater, during colldcllsation  of licluid  and ice, ancl during  L1l C collvmsion  of liquid to ice

as tllc cloud glaciates. Cloud liquid is allowed to rc-ccjuilibraic  with C1O U C1 vapor,  whi]c

i cc is cflcct  ivcl y removed from tllc vapor. l“rcc paral netcm of the model arc: surface

tcmpcraturc  and relative hulnidiiy,  the tcm}mraturcs  of the onset of icc nucleation and

t}lc  colnplction  of glaciation, a factor rcprcsclltillg  the relative importance of drop]ct

freezing to cvaporatiol]  and rc-dcpositio]l  duri]lg  glaciation, tllc dcgrm of supersaturation

over  icc ill the final stages of ascent, and tllc fractional precipitation (or lack tllcrcof)  ill

all condensing stages. Alt}lough  silnplificd,  the lnodc]  captures  tllc full range of possib]c
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cmlditions  for a simp]c co])vcctivc  updraft.

l]) tl)c  first set of lnodcl  mIIS i sotopic part i t ioning was assuIIIcd  to occur at

tllcrllloclylla]l]ic  cquilibriuln  in all stagcx,  with lllc tmnpmaturc  dcpc]Idcmcc  of CY takcll

froln  Majouhc  [1 971] and Mcdivat & Nicf [1968], Figure 2a SIIOWS  the full ral]gc  of

isotopic tra.jcctoricx possible ul]dcr thmc collditiolls. All model-gc~lcratcd final isotopic.

compositio]ls  at the tropical tropol)ausc  arc considcrab]y  liglltcr than those obscrvcc] for

stratosphmic  water. While stratospheric water vapor is highly  dcp]ctcd  of dcutcrium,

it is lCSS dcl)lctcd than would bc cxpcctcxl  for tllc alnount  of dch ydratio]] required.

Altllougll  some mode] paralnetcrs  call substal)tially  alter val)or  isotopic colnpositions  at

lower altituclcs,  where liquid water is prcsmlt,,  all trajectories csscl~tially  convcn-gc  during

tllc IIcarly  7 km of ascent in icc-on]y  col)clitiolls from tllc l]o]nogcncous  nucleation point

of water at 233 K to the tropical tropopause  at w 190 K, ‘1’I)osc  last kilomctcm  of asccl]t

stril)  out virtually all dcutcrium  froln  tllc vapor: water vapor coil ccl ltratioll  must drop

by a factor of over a hundred, with strong fractionation at o=.],3 -1.4, so vapor 1)/}1

lnust drop by over 80$X0  over this altitude rallgc  alollc.  Even if I]o dcplctiol]  occurs ullti]

tllc ol]sct  of ice condcmsatioll,  the fitlal 611 ulldc.r tllcsc col]ditions  woulcl  still bc ICSS than

-800. Some ot}lcr mechanism is required to Inoclucc  the ~norc cmrichcd  water obscmwd

ill tllc stratosphere.

‘J’lIc clcutcrium colltcnt  of stratospllcn-ic, water call Lc illcrcascd only if wc postulate

that 1 ) air parcels in this 10-17 kln  rcgiol] rcccivc aclditiona]  contributio)]s  from sources

that a r c  IIot in cqui]ibrium  wit]] tllc vapor, or 2) that  the isotopic fractionation

cxpcricllccd  is weaker tlml cquilibriuln  values in~ply. ‘1’hc first postulate requires tllc

prmcIlcc of lofted cloud ice, the o]]ly plausible source for l)oll-c(]~lilil>ratcd  water ill the

upper  troposp]]crc  or lower stratospllcrc.  Wlli]c  liquic] water call rapidly cxchangc  and

equilibrate wit]] its cnvironlncnt,  the isotopic, composition of icc rclnains cssclltially

fixed [30u.zc1  (J A4crlivai 1984]. ICC particles carried upwards from tl)cir altitudes of

colldcxlsatioll  tl]us  prcscrvc  far heavier isotopic colnpositiol]s  tllall  would bc expected
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from tllcir  surrounding vapor, and,  if subscqucnt]y  cvaporatecl,  can serve to cllrich  the

vapor 1)/11 ratio.

‘J’hcsccond  pos tu la t e -  t ha t  isotopic  fractiollatioll  IIas been  rcduccd  - ispossiblcin

l]igl~lysll}~crsat~lratcd  air~~arccls,  wl)crekil]c:ticc flccts~J lcvcllttll cval)ora]l  (lccjll(icllsatc

from achieving their equilibrium isotol)ic  lmrtitio]ling, llccausc tl]c  difrusivity  o f

1 120 is greater than that of 111)0, tllc vapor ~lca.r the colldcllsatioll  Iluclci bccomcs

lighter than t}lc bulk vapor, al)cl  the cffcctivc  fractionation of condensing water is

lcsscncd.  A full treatment of this cflcct  is give]]  in Jouml  (3’ Merlivai.  [1 984]. Figure

2b shows isotopic trajectories calculated usil]F;  this kinetic fractionation, for a range

of s~lpcrsatllratio lls. IIccause  the condensing material extracts less dcutcrium,  the

residual vapor remains heavier; at supcrsaturations  of 1,5 to 2 (150 - 200 Yo), depending

on convective parameters, sufficient dcuteriul]  L is left  at the tropopausc  to lnaJtch  the

ol.)scrvcd  stratospheric isotopic con~positioll.

Ilit}]cr  of these postulates required to c]lrjch  stratospheric water ill  dcutcrium  is

possib]c  only in convective systems. S~l~~clsat~llatiolls  of 1.5 to 2 can be sustained only

by updraft velocities typical of tllc strongest culnulus  corm;  ill stcacly  state, 30-40

]1]/s for tl]c  range of ice particle size distributio~ls  observed ill tropical llear-tropopause

cloud systems [Knollmbcvg  m! a/. ] 993,  ] 982; ltO(JC1’S & ~rUU ] 989; ]+’U1)J)QC}lCV  @

Ktcti 1980]. ICC crystal evaporation, on the other hand, can significantly alter the

isotopic colnpositio~l  of vapor o]lly if tl]c  icc crystals are substwltially  out of cxluilibriu]n

with that vapor. ICC must thus evaporate at altitudes significantly  higher  than its

lCVC1 of colldcllsatio~l,  again a condition possible only in strong collvcctivc updrafts.

Furtl]crlnorc, any cmrichmcld  of water vapor in asccmding  air parcels must occur near

tl)c  tropopausc  in order  for tl)c  cmriclllncllt  to persis t  as air rises and dcllydratcs  to

st, ratos})}lcric  values. ‘1’hc strong  fractiol)atioll  at upjm tropospheric tcmpcratums  ]ncal]s

that without a nol)-cqui]ibriuln  source of dcutcrium,  water is dcplctcd  from SM OW to

observed stratospl)cric  1)/}1 in less tllall  tllrcc kilolncters  of asccllt. l{cgardlcss  of wllicl]
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lnccllallism  is rcxponsib]c  for the cnricl]lncllt  of stratospheric water, tllc meal]  air that

clltcrs tllc stratosphere lnusi  llavc  cxpcricl)ccc]  collvcctivc  conditions in Lllc upl)crmost

troposphere.

Variability of 6DW,~C,

‘1’h~ lncan dratosphcric  N )Wat,r is largdy uniform; wc scc 110 sig~lifical]t  variation i~l

61 )WatC1 with latituc]c  or with mission, over tl)c  9 year span  of these measurements, nor in

colnl)arison  with JJrcvious lncasumncnts  dating  to 1980 [e.g. }’ollock  ci al. 1 980]. ‘J’l]crc

is 1)0 cvidc]lcc  for latitudinally varying injcctim of stratospheric water or for major

tclnpora]  or scasollal  variations in the mccllallisln  of tro~~c~sl)llcrc-stratosl~})clc  cxcl]angc.

‘1’hc lack of latitudinal gradient is tllc cxpcctc(l result if troposphere-stratosphere

transport  takes place allnost  cxclusivc]y  in t}lc  tropics; air at llig}lcr  ]atitudcs  will

bc well-mixed and sl]ould  snow tlic average stratosp}lcric  61). l“inc-sca]c  variability

ill sourccx  of stratospheric air would tllcIl bc clisccrnab]c  only in tllc lower tropical

stratospllcrc.  Arl’MOS da ta  from  this  rcgio)l is lilnitcd:  oIlly four of  tllc ArJ’h40S

occultations (28 observations) of this study Cxllclld  into tl]c  lower tropical stratospllerc.

‘J’l]csc  data arc ]lot sumcicnt  for dctcctioll  of IJotclltial  slnal]- a.mplitudc  scasollal  variation

ill stratospheric 61 )Watcl (= 40-50 pcr lni])  corrclatcc]  with  seasonal variation ill clltcrillg

water cm]tc])t.  ‘1’hcy do provide, lIOWCVCV,  a first al)proxilnation  of the distribution of

61) of clltcri]lg stratmp]lcric  water. l~igurc 3 SI1OWS  tllc distributio~]s  of both tbc 10WC]

tropical  and total stratospl]cric  i]). of tllc lill iitcd  tropical data, there arc no IJiglll  y

dcq~lctcd ])oints  whic}l would suggest il~jcctioll by gradual ascent. If i}lc  tropical data

are rcprcm]t, ativc,  tllcir  collsistcllcy  suggests that tlo~)os}~l]c  le-stlatos~)l]cl’c  cxcllallgc

is dolnillatcc]  by a process wit]] a characteristic isotopic signature  similar to the mean

stratospllcric,  value.
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Conclusions

ArJ’ht OS otmrvatjons  of stratospllcrjc  dcutcratcd  water show that the avcra,gc

watm v a p o r  cl)tcring  the stratosljllcrc  js higl]]y clcplctcx] of dcutcriuln,  wjt]) 61) WatC,

of -680 ~ 80 (68% clcutcxiuln  loss). hlodcl calculations predict, ]towcvcr,  that under

cw]lditio]ls o f  tl]cI]I]o(ly]]a]I]ic  ccluilil)rjum  clcllydratioll  to stratos})llcric.  Inixi]lg  ratjos

s}lould  produce clcpletions  of -800-900 (80-90 % dcutcrjuln  loss). We collcludc that water

vapor cmtmillg  the stratosphere has bcm cllricllcd  jn dcmtcrium  through col)vcctivc

})rocxmcs. ‘J’hc lilnitcd  data from tllc 10WC]  trol)ical  stratos~)lmc show little variability

froln  t}lc  cnricliccl  mcau i]) “aI,Or,  suggesting tfl]at  contrilmtioll  by large-scale asccllt  to

total  tro~)os~)l]crc-  stratos~~licrc  cxcha])ge  lnay he mill ilnal. ‘J’l]c cl]richlncl]t of water

vapor ascclldillg  to the stratosl)llcre  must occur at near-tropopausc altjtudcs;  most air

c~Acring the stratosphere must have SCCI]  convcc+vc  co~)clitjons  to at least 14 km. ‘J’hc

II)ajc)rity  of tro~~os~~llcrc-stratos~>  llcrc  cxc}lallgc lnust t}lcn bc associated wjth trcq)ical

clccp convcctiol].

Furtl)er observat ions j]] tllc lower tropjca] stratosphc:re  arc necessary for

clctcmnination  of wllcthcx  enrichment occurs above tl]c  tropol)ausc,  as in pcnctrativc

convcctiol]  ~nodc]s, or just below  jt. ldm]tificatiml  of a scasollal  cycle ill stratos~)hcric

Al )WaLC, and dctcrlnina,tjon  of jts alnplitudc  would allow discr;minatjoll  lxtwccn  two

lnajor  classes of troposphcm-stratospll  crc transport, and dchyc]ratjon  sccllarios:  tl)osc

iI] which dehydration occurs after cllricl)mc]lt  (as jn clear-air asccllt above clouds,

or dchydratio])  by stratospheric wave actjvjty)  and those ill which  condmlsatjon

occurs before or sil~l~lltallcc~~lsly  with cllrichlnc]lt  (as jll evaporation of culnu]us-lofted

jcc lmrtjclcs above the tro})opausc). WC COI]CIUCIC that a ]Iigh pr ior i ty  should be

placccl 011 obtail]jng  tropical mcasure~ncl)ts  of stratospheric 111)0 and I]zO, and that

further c)bscrvatio]ls  should provide substantial addit,iol]al  jns;gl]t  into mcchaujslns  of

tl(J~)oslJl]c:Jc:-st  ratoslJllclc  trausport.
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I’igurc  1. A’I’MOS mcasurcmcnt,s  of tlIc clmtcriuIn  contcmt of stratospheric water, given as

the fractional change in 11/11 ratio from standard occall  water,  in per mil (O = ocean water;

-1000 = complctc  loss of dcuterium),  ‘J’hc left panel shows uncorrected observations; the right

pane] shows the same data with the estimated contribution of 1120 and 111)0 from methane

oxidation subtracted. ‘i’hc data shown arc /approx  75/the datasct,  filtered at ~rrol1120  < 1 OYO>

Crrorclll < IO%, and crror}ll)o < 30(% the total  data]  )oints. ‘1’IIc  solid lines arc wcightccl  mean

})rofilcs  from 15-32 km. a =. 40 per mi]; error w’it,]i  illc.]usion  of systematic errors = 80 pcr roil.

Figure 2. Model  calculations of tlIc isotopic, composition of water  vapor duri?lg ascent

to the stratosphere. ‘J’he upper  panel shows the full range  of trajectories in conditions of

tllcrmoc]ynamic  equilibrium, for all ]Jossiblc  lnodc] l~aramcter  values. qllIC solicl  liTlc  rc])rcsents

the case in which all condensate is rmovcd immediately; tllc dashed line that where all

condensate remains with the parcel and cloud glaciation occurs by freezing of droplets at 258-233

K. ‘1’hc  lower panel shows the conscqucnccs of a fractionation factor modified by supcrsaturatccl

conditions, for S == 1, 1.5, and 2 (right to left). S=: I produces cases essentially identical to those

above. Solid and dashed lines again rcprcscnt  i]nmcdiatc/delayed removal of condc]lsation,

hut  tllc glaciation is allowed to proceed by cva])oration  of droplets and rccondcllsation  as ice,

])roducin.g  the strong  cnhanc.cmcnts  SCCII betweml  10-] 2 km: at high S the fractionation for

vapor-ice is less than that for vapor-liquid, slid dcutcrium  is pumped into the vapor. Complete

vapor deposition of ice is not a realistic sccl]ario; tlIc likely real case lies between tlIc cxtrcmcs

pIcscIIt,cd  here.

Figure 3. IIistogram  of 61) va]ucs for total stratospheric water (dotted line, rc]ncscnting  all

points  from 1 S-32 km, and right axis) slid for water  in the ]owcr tropics] stratosp]lerc! (so]ic]

line, points from 18-27 km at latitudes of 4 25 degrees, ]cft axis). ‘J’IIc 28 tropical observations

(4 occultations) show a distribution similar to tl,at of tl,c n)ea~, stratosphere, with NO outlying

points  that would suggest contributions frolll diffcrcllt  sources of air with diflering isotopic.

compositions. ‘J’hc slight  shift of the recall to IIcavicr  values in the tropical points nlay he due

to biases in filter 9 1120; see Ah!ms et ai. [this issue].
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